‘■8 

CJ> 


i ; 


rwi 


MjjjQjil 


CEL 


TN  no.  N-1542 


1 1 tip  * COEFFICIENTS  OF  FRICTION  BETWEEN  CALCAREOUS  SANDS  AND 
Ul,e’  SOME  BUILDING  MATERIALS,  AND  THEIR  SIGNIFICANCE 


author  1 P.  J.  Valent 


date: 


January  1979 


v,: 


sponsor:  Naval  Material  Command 


program  nos:  *- 


ROOO-Ol-167 


CIVIL  ENGINEERING  LABORATORY 

NAVAL  CONSTRUCTION  BATTALION  CENTER 
Port  Hueneme,  California  93043 

Approved  for  public  release;  distribution  unlimited. 


79  0 3 


Q O AX') 

<-  <6  U o 


Unclassified 


SECURITY  CLASSIFICATION  OF  This  page  fl Vhen  Pale  holered) 


READ  INSTRUCTIONS 


BEFORE  COMPLETING  FORM 

3.  RECIPIENT'S  CATALOG  KjMBIR 


COEFFICIENTS  OF  FRICTION  BETWEEN 
CALCAREOUS.  SANDS  AND  SOME  BUILDING 


ATERIALS,  AND  THEIR  SIGNIFICANCE 


10  PROORAI 


9 PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 


CIVIL  ENGINEERING  LABORATORY 
Naval  Construction  Battalion  Center 


61152N,  R -000-01,  R -031-01 
Z- R000-0I-167 


Port  Hueneme,  California  93043 


II  CONTROLLING  OFFICE  NAME  AND  ADORESS  / 

Naval  Material  Command  / / 

Washington,  DC  20360 

T5  MOnTtoRING  AGENCY  name  A AOORESSftf  different  from  ConttaUtnfi  Office) 


Unclassified 

IS*  OECL  ASSiFiC  mTION  DOWNGRADING 
SCHEDULE 


16  DISTRIBUTION  STATEMENT  (of  this  Report) 


Approved  for  public  release;  distribution  unlimited, 


t entered  in  Pluck  MT.  if  different  tram  Report 


'7  DISTRIBUTION  STATFMENT  (of  the  eh, 


IR  KEY  WORDS  (Continue  on  reverse  tide  it  necessary  and  identity  by  block  number) 


Friction,  marine  soils,  construction  materials,  friction  coefficients. 


ACT  (Continue  on  reverse  side  II  necessary  and  Identify  by  block  number) 


Friction  tests  of  a coralline  and  an  oolitic  sand  and  a foraminiferal  sand-silt  against 
smooth  and  rough  steel  and  concrete  surfaces  were  run  in  a modified  soils  direct  shear 
machine.  Friction  test  results  for  these  calcareous  materials  did  not  differ  markedly  from 
the  results  for  a quartz  sand.  These  results  indicate  that  there  is  nothing  inherently  different 
in  the  capability  of  these  calcareous  materials  to  develop  frictional  forces  on  typical  ,n| 


continued 


FORM 

» JAN  73 


EDITION  OF  I NOV  63  IS  OBSOLETE 


REPORT  DOCUMENTATION 

PAGE 

-1.  Jltp.OH_L.UUMB 

-TNM542 

L>N887QQS>  . 

Unclassified 


SECU«ITr  CLASSIFICATION  OF  THIS  PAgE(IWi«n  t)«l«  Enl.r.dJ 


20.  Continued 

building  material  surfaces  - when  compared  to  quartz-predominant  sands  - except  that 
some  calcareous  materials  experience  large  volume  decreases  during  shear.  These  large 
volume  decreases  would  impair  the  development  of  high  effective  normal  stresses  against 
the  building  material  surface,  resulting  in  low  friction  forces  on  piles,  some  anchors,  and 
penetrometers  in  calcareous  materials.  This  latter  hypothesis  is  stated,  but  not  directly 
addressed  in  this  reported  work. 


Library  Card 


1.  Friction 


Civil  Hnginccring  Laboratory 

COEFFICIENTS  OF  FRICTION  BETWEEN  CALCAREOUS 
SANDS  AND  SOME  BUILDING  MATERIALS,  AND  THEIR 
SIGNIFICANCE  (Final),  by  P.  J.  Valent 
TN-1542  30  pp  illus  January  1979  Unclassified 

2.  Marine  soils  1.  Z-ROOO-Ol-167 


Friction  tests  of  a coralline  and  an  oolitic  sand  and  a foraminiferal  sand-silt  against  smooth 
and  rough  steel  and  concrete  surfaces  were  run  in  a modified  soils  direct  shear  machine.  Friction 
test  results  for  these  calcareous  materials  did  not  differ  markedly  from  the  results  for  a quartz 
sand.  These  results  indicate  that  there  is  nothing  inherently  different  in  the  capability  of  these 
calcareous  materials  to  develop  frictional  forces  on  typical  building  material  surfaces  - when 
compared  to  quartz-predominant  sands  - except  that  some  calcareous  materials  experience  large 
volume  decreases  during  shear.  These  large  volume  decreases  would  impair  the  development  of 
high  effective  normal  stresses  against  the  building  material  surface,  resulting  in  low  friction  forces 
on  piles,  some  anchors,  and  penetrometers  in  calcareous  materials.  This  latter  hypothesis  is  stated, 
but  not  directly  addressed  in  this  reported  work. 


Unclassified 


SECURITY  CLASSIFIC  ATION  OF  THIS  PAGE'AIifi 


/ 


CONTENTS 

Page 


INTRODUCTION  1 

Purpose  1 

Approach  1 

Background  2 

TESTING  5 

Equipment  5 

Test  Soils 6 

Building  Materials  7 

Procedure  8 

TEST  RESULTS 9 

Format  9 

Sand-Sand  Shear  9 

Friction  on  Smooth  Steel  10 

Friction  on  Rough  Steel  11 

Friction  on  Smooth  Concrete  12 

Friction  on  Rough  Concrete  12 

EVALUATION 12 

Coefficient  of  Friction  12 

Normal  Force  Development  13 

CONCLUSIONS 14 

RECOMMENDATION  15 

ACKNOWLEDGMENTS 15 

REFERENCES 16 


INTRODUCTION 


i 


Purpose 

The  penetration  of  objects  into  calcareous  sands  and  the  extraction 
of  those  objects  is  accomplished  with  much  less  effort  than  predicted  by 
conventional  techniques.*  This  phenomenon  holds  for  driven  piles, 
free-fall  penetrometers,  and  explosively  driven  embedment  anchors  (to 
name  a few  such  objects).  Such  low  demonstrated  resistances  are  probably 
due  to  several  different  factors,  the  contribution  of  each  factor  is 
unknown.  The  purpose  of  this  research  is  to  determine  the  contribution 
of  one  of  these  factors  - the  coefficient  of  friction  - to  these  low 
demonstrated  resistances. 

Approach 

Samples  of  calcareous  sediments  were  collected,  one  from  each  of 
three  environments:  a foraminiferal**  sand-silt  from  a deep-ocean  site, 
an  oolitic  sand  from  a shallow-ocean  site,  and  a coralline  sand  from  an 
atoll  beach.  The  coefficients  of  friction  of  these  sands,  and  of  a 
quartz  sand  used  as  a standard,  against  surfaces  of  rough  and  smooth 
mild  steel  and  rough  and  smooth  mortar  were  measured  in  a modified  soils 
single  direct  shear  test  machine.  Volume  changes  of  the  sands  were 
measured  as  a function  of  sliding  displacement  across  the  steel  and 


Conventional  techniques  - empirically  developed  performance  prediction 
techniques  developed  for  common  terrestrial  soil  materials,  quartz 
and  alumino-silicates . 

**At  times  referred  to  as  "foram." 
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mortar  surfaces.  Measured  coefficients  of  friction  and  volume  changes 
for  the  calcareous  sands  were  then  compared  to  those  for  the  quartz 
sand . 

Background 

Calcareous  Sediments.  Calcareous  sediments  have  proven  troublesome 
to  engineers,  particularly  in  developing  adequate  pile  capacity  for 
offshore  facilities  (McClelland,  1974).  Present  engineering  treatment 
of  the  problem  simply  imposes  large  factors  of  safety  on  the  calculated 
ultimate  pile  capacity  when  in  calcareous  sediments  in  order  to  cope 
with  the  design  uncertainty  (American  Petroleum  Institute,  1976). 

Recent  test  results  with  propellant-driven  plate  embedment  anchors  have 
shown  the  foraminiferal  type  of  calcareous  sediment  to  be  especially 
troublesome  to  the  performance  prediction  of  that  type  of  plate  embedment 
anchor  (Valent,  1978). 

The  term  "calcareous  sediment"  includes  quite  diverse  materials 
differing  in  terms  of  origin,  present  location,  exterior  shape  and 
strength  of  grains,  and  behavior  under  engineering  loads.  The  calcareous 
grains  in  these  sediments  can  be  broadly  classified  into  four  groups, 
each  with  its  own  origin: 

1.  Ooliths  - rounded,  highly  polished,  and  solid  particles  of 
calcium  carbonate  formed  by  chemical  precipitation  in  warm, 
shallow  seas 

2.  Fecal  pellets  - oblong,  solid  grains  of  calcite,  probably 
originated  as  fecal  pellets  and  were  later  cemented  by  carbonates 
(Bathurst,  1971) 

3.  Fossil  tests  and  fragments  - skeletal  structures  and  fragments 
of  structures  of  foraminifera  and  coccol ithophorids , usually 
found  in  abundance  in  intermediate  ocean  depths 


4.  Coral  and  shell  debris  - silt,  sand,  and  gravel  size  fragments 
of  coral  and  shelled  animals,  found  in  near-shore  areas  of 
high  productivity,  with  some  relict  and  transported  deposits 
found  in  quite  deep  water 

Calcareous  sediments  generally  classify  as  inorganic  silts  (MH)  (for 
example,  see  Valent,  1974)  or  as  inorganic  sands  (SM)  in  the  Unified 
Soil  Classification  system.  The  adequacy  of  the  Unified  system  to 
properly  predict  the  engineering  behavior  of  calcareous  sediments  is 
questioned;  Fookes  and  Higginbottom  (1975)  have  gone  so  far  as  to  propose 
an  alternate  system  to  be  used  solely  for  calcareous  sediments. 

Limited  field  pile  tests  verify  that  driven  piles  in  calcareous 
sediments  offer  significantly  lower  load  capacities  than  those  predicted 
using  available  design  relationships  (see  Angemeer  et  al.,  1975).  On 
the  basis  of  limited  data,  McClelland  (1974)  suggested  limiting  the 
assumed  skin  friction  for  driven  piling  in  calcareous  sediments  to  400 
psf  (20  kPa).  This  limitation  may  reduce  the  allowable  axial  load 
capacity  of  a large,  deep  piling  in  calcareous  sediments  to  one-fourth 
of  that  of  the  same  size  piling  in  largely  quartz-grained  sands.  Limited 
field  tests  of  propellant-driven  plate  embedment  anchors  in  a foraminiferal 
calcareous  sand-silt  suggest  that  similar  reductions  (about  75%)  in 
predicted  holding  capacities  are  appropriate  (Valent,  1978). 

Causes  of  Low  Capacities.  It  is  not  readily  apparent  from  the 
laboratory  performance  of  these  calcareous  sediments  that  they  would 
provide  such  inferior  support  for  driven  piles  and  plate  embedment 
anchors.  Measured  angles  of  internal  friction  are  34  degrees  or  greater. 

At  the  beginning  of  this  effort,  it  appeared  that  the  low  pile  and 
anchor  capacities  stem  from  one  or  probably  both  of  the  following  causes: 

1.  Insignificant  increases  in  soil  effective  stresses  resulting 
from  the  driving  of  piles  and  the  keying  of  plate  anchors,  as  compared 


to  those  increases  normally  experienced  in  a quartz  sand.*  Possibly 
these  effective  soil  stresses  are  not  developing  due  to  (a)  the  crushing 
or  collapse  of  a cemented  soil  structure,**  or  (b)  the  crushing  or 
breaking  of  the  individual  carbonate  grains,  especially  as  in  the  case 
of  the  foraminiferal  sands  and  silts. ** 

2.  Possible  low  magnitudes  for  the  coefficients  of  friction  developed 
between  calcareous  sediments  and  common  building  materials,  as  compared 
to  friction  coefficient  magnitudes  normally  found  with  quartz-grained 
sands.  Such  a reduction  in  the  coefficient  of  friction  could  be  explained 
by  the  relative  softness  of  the  calcareous  (carbonate)  mineral  (Moh's 
scale  hardness  of  3,  compared  to  a hardness  of  7 for  quartz);  and  hence 
by  the  lesser  ability  of  the  calcareous  material  to  engage,  scratch,  and 
abrade  the  surfaces  of  some  building  materials  (e.g.,  steel  with  a Moh's 
scale  hardness  of  5). 

This  research  effort  was  conceived  as  a means  of  identifying  the 
more  significant  causes  for  the  observed  low  friction  coefficient  values 
in  calcareous  sediments.  The  intent  was  to  setup  a test  machine  to 
measure  directly  the  coefficient  of  friction  between  some  typical  examples 
of  calcareous  sediments  (primarily  sands  and  silts  for  ease  of  specimen 
preparation  and  test  set-up)  and  some  common  building  materials  (i.e., 
concrete  and  steel),  each  in  smooth  and  rough  finishes.  These  measured 
coefficients  of  friction  would  then  be  compared  to  similarly  measured 
coefficients  between  a quartz  sand  and  these  same  building  materials, 
and  significant  differences  in  the  mobilized  coefficients  of  friction 
for  calcareous  and  quartz  materials  could  be  noted.  Thus,  a determination 


*The  insignificant  increases  in  the  soil  effective  stresses,  if  such  is 
the  case,  would  result  in  lower  soil  shear  strengths  in  the  soil  mass 
surrounding  the  pile  or  anchor  - thence,  in  lower  load  capacities. 

**The  crushing  of  a cemented  soil  mass  structure,  especially  if  that 
structure  was  quite  open  (loose),  and  the  crushing  of  hollow,  egg- 
shell-like  forams,  although  resulting  in  increased  density  of  the 
specimen,  need  not  result  in  increased  effective  stresses  because 
the  resulting  structure  after  crushing  would  be  looser  than  before. 
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would  be  made  as  to  whether  the  very  low  load  capacities  of  piles  and 
anchors  in  calcareous  materials  is  largely  due  to  the  friction  coefficient 
developed  by  these  materials  against  the  building  material  or  due  to 
another  cause  — more  specifically,  due  instead  to  low  developed  effective 
stresses  arising  from  the  breakdown  of  cemented  bonds  between  soil 
grains  or  from  the  crushing  of  grains  or  both. 

TESTING 

Equipment 

Testing  was  conducted  in  a modified  direct  shear  test  machine  using 
circular  specimens  2.5  inches  (64  mm)  in  diameter  (see,  for  example, 

Lambe,  1951,  for  detailed  description  of  soils  direct  shear  test  equipment). 
Tests  measuring  the  coefficients  of  friction  on  building  materials  were 
setup  by  substituting  blocks  of  the  building  materials  for  the  lower 
shear  box,  and  then  placing  the  upper  shear  box  and  upper  half  of  a soil 
specimen  on  the  surface  of  that  building  material  specimen  (Figure  1). 

Normal  loads  were  applied  to  the  sliding  specimen  surfaces  through  a 
deadload  system.  The  normal  load  throughout  the  test  series  was  main- 
tained at  155.9  lbf  (693.4  N).  The  upper  box  and  soil  specimen  were 
moved  across  the  lower  box  or  building  material  specimen  at  0.025  in. /min 
(0.64  mm/min).  In  the  first  six  tests,  the  shear  load  applied  to  the 
upper  shear  box  was  measured  through  a proving  ring  to  the  nearest  1 lbf 
(4  N).  Horizontal  displacements  of  the  box  and  vertical  expansion- 
contraction  of  the  soil  specimen  for  these  six  tests  were  measured  via 
dial  gauges  to  the  nearest  0.001  in.  (0.03  mm). 

Mechanical  measurement  of  the  data  via  proving  ring  and  dial  gauges 
and  hand-recording  of  that  data,  left  much  to  be  desired  in  terms  of 
both  the  quality  of  the  data  points  and  the  shape  of  the  initial  portion 
of  the  load-shear  displacement  curves.  Problems  arose  because  of  the 
shear  load-displacement  behavior  of  the  sands  on  the  building  materials: 


5 


the  shear  curve  reached  a peak  within  0.025  in.  (0.64  mm)  of  shear 
displacement,  a time  period  of  about  1 min  from  the  start  of  testing. 

Since  reading  and  recording  the  three  dial  gauges  for  one  set  of  readings 
required  about  20  sec,  it  was  difficult  to  properly  define  this  peak  in 
the  load-displacement  curve.  Furthermore,  relaxation  of  the  proving 
ring  in  the  load  measurement  system  after  passing  the  peak  load  acted  to 
distort  and  stretch  out  the  load-displacement  curve. 

Because  the  mechanical  measurement  system  did  not  prove  satisfactory, 
that  system  was  replaced  by  an  electronic  system  with  load  monitored  via 
a strain  gage  type  of  load  cell  to  the  nearest  0.1  Ibf  (0.4  N)  and 
displacements  monitored  via  LVDT's  (linear  variable  differential  trans- 
formers) to  the  nearest  0.001  in.  (0.03  mm).  All  three  channels  of  data 
were  monitored  and  data  sets  printed  on  paper  tape  at  prescribed  time 
intervals.  Thus,  the  electronic  data  measurement  and  recording  system 
removed  those  shortcomings  arising  from  the  proving  ring  load  measurement 
system  and  from  the  manual  recording  of  data,  while  increasing  the 
accuracy  and  usefulness  of  the  data  obtained. 

Test  Soils 

Four  soil  materials,  three  calcareous  sand/silts  and  one  quartz 
sand  (used  as  a reference)  were  employed  in  the  test  program.  These 
materials  are  described  below;  grain  size  curves  are  presented  in  Figure  2. 

Coralline  Sand.  A calcareous  sand  composed  primarily  of  coral 
debris  was  obtained  from  the  beach  at  Diego  Garcia,  an  atoll  in  the 
Indian  Ocean.  The  grains  of  this  sand  were  solid  and  subrounded .* 

Oolitic  Sand.  A sample  of  an  aragonite  sand  composed  primarily  of 
ooliths,  with  a trace  of  gastropod  shells  and  shell  debris,  was  obtained 
from  a commercial  source  mining  the  material  from  the  Bahama  Banks.  The 
ooliths  are  near  spherical,  well-rounded,*  and  solid.  The  large  shells 

*For  roundness  classification  see  Pettijohn,  1949. 
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and  shell  fragments  in  the  oolitic  sand  were  removed  for  specimen  prep- 
aration by  using  only  that  material  passing  the  no.  20  sieve,  U.S. 
Standard  Sieve  Series  (passing  0.84  mm). 

Foraminiferal  Sand-Silt.  The  foraminiferal  sand-silt  included  here 
was  obtained  from  the  Blake  Plateau  from  a water  depth  of  1,200  meters 
as  part  of  a study  of  the  engineering  properties  of  marine  sediments 
(Lee,  1976).  The  grains  of  this  sediment  were  primarily  globular  fora- 
minifera  tests  (shells)  and  fragments  thereof.  The  shells  are  well- 
rounded*  and  hollow  with  very  thin  walls;  they  are  very  susceptible  to 
crushing  during  compression  or  shear  distortion  of  the  sediment. 

Quartz  Sand.  The  quartz  sand  used  was  a graded  Ottawa  sand,  ASTM 
Designation  C-109.  Grains  for  this  material  are  primarily  rounded.* 

Building  Materials 

Friction  tests  of  these  soil  materials  were  conducted  against  two 
building  materials,  mild  steel  and  a quartz  sand  mortar  simulating 
concrete.  Each  of  the  two  materials  was  tested  in  a "smooth"  and  in  a 
"rough"  surface  finish. 

Steel.  Two  blocks  of  a mild  steel  105  x 115  x 29  mm  thick  were 
prepared  to  replace  the  lower  specimen  ring  (see  Figure  1)  for  the 
coefficient  of  friction  tests.  The  friction  surface  of  one  of  these 
blocks  was  not  appreciably  changed  from  that  existing  on  the  original 
rolled  plate  stock  in  the  yard.  Loose  rust  and  scale  were  wire-brushed 
from  the  surface.  This  rough  surfaced  steel  block  was  intended  to 
simulate  the  surface  of  a steel  displacement  pile  driven  into  the  sand 
deposit.  The  friction  surface  of  the  second  steel  block  was  ground  to 
near  mirror-like  finish  and  was  maintained  in  that  quality  by  repolishing 

*For  roundness  classification  see  Pettijohn,  1949. 
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the  surface  after  each  test.  This  smooth  surface  was  intended  to  represent 
the  other  end  of  the  surface  spectrum,  somewhat  like  the  polished  surface 
of  a gravity  corer  or  a penetrometer. 

Concrete . The  mortar  specimens  were  cast  in  the  bottom  of  the 
shear  box  (Figure  1).  The  mortar  mix  was  made  using  a uniformly  graded 
quartz  sand,  ASTM  Designation  C-190,  and  Type  II  Portland  Cement  in  the 
following  proportions  by  weight: 

Water/cement  ratio,  0.45 
Aggregate/cement  ratio,  0.45 

One  mortar  specimen  was  screeded  until  level,  then  allowed  to  cure  for 
20  hours,  then  wire-brushed  to  expose  the  sand  aggregate,  thus  producing 
a "rough"  concrete  surface.  The  second  specimen  was  cast  against  a 
plexiglass  sheet  to  produce  a very  smooth  surface.  Friction  testing  on 
the  rough  concrete  surface  was  begun  3 days  after  casting;  and  on  the 
smooth  concrete  surface,  5 days  after  casting. 

Procedure 


For  both  the  single  direct  shear  tests  on  the  sand  materials  and 
for  the  friction  tests  of  sand  on  building  materials,  the  soil  materials 
were  placed  in  the  shear  ring  into  de-ionized  water.*  The  coralline, 
oolitic,  and  quartz  materials  were  all  in  an  air-dried  condition  before 
being  placed  in  the  water-filled  shear  ring;  the  foramini feral  sand-silt 


"'Beyond  placing  these  materials  through  water  with  only  minimal  movement 
of  the  material  for  leveling  purposes,  no  formal  standardization  of 
specimen  placement  was  developed.  Data  were  taken  to  establish  specimen 
densities;  however,  no  determinations  of  maximum  and  minimum  densities 
were  made.  Establishing  the  relative  densities  of  the  specimens  was 
thought  not  significant  to  the  purpose  of  this  effort;  and,  in  any  case, 
funds  and  time  were  not  available  for  that  degree  of  refinement.  Suffice 
it  to  say  then  that  the  specimens  were  probably  in  a loose  condition 
at  the  start  of  shear  testing  owing  to  their  method  of  placement. 


was  maintained  saturated  prior  to  placement  because  air-drying  removes 
the  pore  water  from  within  the  hollow  shells  after  which  the  shells  are 
very  difficult  to  re-saturate.  Before  placement  of  the  foraminiferal 
sand-silt,  de-ionized  water  was  added,  and  the  sample  was  gradually  and 
gently  disaggregated  and  worked  into  a thick  fluid  consistency. 

After  compression  under  the  normal  load  of  155.9  lbf  (694  N)  was 
essentially  completed,  the  top  shear  ring  was  raised  about  0.5  mm  (0.02  in.) 
out  of  contact  with  the  bottom  shear  ring  or  the  building  material 
specimen.  Thus,  friction  between  the  brass  of  the  top  shear  ring  and 
the  underlying  surfaces  was  minimized. 


TEST  RESULTS 


Format 


Figures  3 through  7 present  shearing  load  (F)  and  sample  expansion- 
contraction  data  (AH)  versus  shear  displacement.  The  shearing  load  F 
has  been  normalized  by  the  normal  load  (N)  acting  on  the  shear  surface. 
Thus  the  shearing  load  is  represented  in  terms  of  the  coefficient  of 
friction  (p)  when  dealing  with  soil  sample  friction  on  a building  material 
specimen,  and  in  terms  of  tan  (J>  when  dealing  with  soil-soil  shear,  where 
<)>  is  the  angle  of  internal  friction  for  the  soil. 

In  some  cases,  shear  and  friction  tests  were  repeated  to  verify  or 
classify  earlier  test  results,  or  to  get  an  idea  of  the  normal  variation 
in  data  from  specimen  to  specimen  and  test  to  test. 

Sand-Sand  Shear 


The  results  of  the  direct  shear  tests  are  used  herein  primarily  as 
a baseline  from  which  to  evaluate  the  friction  performance  of  each  sand 
material  on  the  steel  and  concrete  surfaces.  The  residual  coefficients 
of  friction  (Mresj,juaj)  are  aH  noted  as  about  the  same  magnitude,  0.54 
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to  0.61.  The  peak  coefficients  of  friction  (Mpgg^)  f°r  the  quartz, 
coralline,  and  foram  sands  are  also  noted  as  in  a close  grouping,  0.64 
to  0.68.  The  Mpea ^ for  the  oolitic  sand  is  somewhat  higher,  0.77  and 
0.81;  these  high  |j  ^ values  may  reflect  some  difference  in  the  placement 
relative  density.*  The  residual  tan  (})  values  for  the  calcareous  sands 
are  slightly  higher  than  those  for  the  quartz  sand.  For  those  comparisons 
made  between  duplicate  tests  on  the  same  material  ( i . e . , coralline  and 
oolitic  sands),  the  results  from  test  to  test  are  reasonably  consistent. 

The  specimen  volume  change  data  of  Figure  3 indicate  a very  slight 
initial  decrease  before  reaching  the  peak  friction  angle,  followed  by  a 
general  volume  increase  for  all  of  the  sands  with  solid  grains.  On  the 
other  hand,  the  foramini feral  sand-silt,  with  its  hollow-shell,  easily 
crushed  grains,  exhibits  a continuous  and  rather  large  decrease  in 
volume  during  shear,  presumably  due  to  grain  crushing. 

Friction  on  Smooth  Steel 


Friction  forces  mobilized  against  the  smooth  (polished)  mild  steel 
are  about  one-third  of  those  mobilized  in  internal  shear  of  the  sand. 

Very  simply,  the  polished  steel  surface  offers  very  few  surface  irregu- 
larities for  the  sand  grains  to  engage.  The  coralline  sand  develops  a 
rather  consistent  u . of  0.20  and  u ...  of  0.17.  The  quartz  sand 

develops  slightly  higher  coefficients  of  friction,  probably  due  to  the 
somewhat  harder  quartz  sand  grains. 

Results  of  the  oolitic  sand  tests  appear  inconclusive.  Results  of 
the  first  test  (no.  11)  are  quite  low;  results  of  the  second  test  (no. 

12)  show  a coefficient  of  friction  more  than  twice  the  magnitude  of  the 
first.  The  difference  in  results  can  probably  be  explained  by  an  unplanned 
difference  in  the  preparation  of  the  two  specimens.  Oolitic  specimen 
no.  11  was  tested  whole  with  about  10%  of  the  material  by  volume  being 


*Several  other  factors  besides  relative  density  affect  the  shape  of 
the  load-deflection  curve  (e.g.,  grain  shape  and  hardness  and  grain 
size  distribution);  however,  in  this  case  these  other  parameters  appear 
near  equal . 
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larger  than  the  no.  20  sieve,  including  gastropod  and  bi-valve  shells 
and  shell  fragments  up  to  5 nun  across.  Specimen  no.  12,  on  the  other 
hand,  was  composed  only  of  material  passing  the  no.  20  sieve.  Presumably 
the  specimen  with  coarse  material  included  (no.  11)  transferred  most  of 
the  normal  load  to  the  steel  surface  through  these  larger  shell  fragments, 
resulting  in  a lower  overall  coefficient  of  friction.  This  hypothesis 
assumes  that  the  larger  shells  are  less  capable  of  developing  friction 
force  against  the  polished  steel  surface,  than  the  smaller  ooliths. 

The  foramini feral  sand-silt,  no.  13,  exhibits  a higher  coefficient 
of  friction  than  the  sands.  This  higher  friction  coefficient  is  believed 
due  to  the  greater  number  of  particle  contacts  engaging  the  smooth  steel 
surface  with  the  finer-grained,  foram  sand-silt  specimen  (no.  13). 

Volume  changes  during  sliding  on  the  smooth  steel  are  generally 
negligible,  except  for  that  of  the  foram  sand-silt.  Apparently  the 
foram  sand-silt  undergoes  considerable  grain  crushing  even  when  sliding 
on  the  polished  steel. 

Friction  on  Rough  Steel 

Coefficients  of  friction  developed  on  the  rough  steel  are  equal  to 
those  developed  in  the  respective  sands  in  internal  shear,  except  for 
the  oolitic  sand.  Sliding  of  the  quartz,  coralline,  and  foram  sands  on 
the  rough  steel  is  marked  then  by  development  of  a shearing  zone  in  the 
sand  adjacent  to  the  rough  steel  surface  and  is  akin  to  internal  shear 
of  the  sand.  Full  internal  friction  is  not  developed  in  the  oolitic 
sand;  the  reason  is  unknown. 

The  foram  sand-silt  again  undergoes  considerable  volume  decrease 
during  the  initial  portion  of  sliding/shear.  The  apparent  volume  increase 
noted  in  Figure  5 after  0.3-in.  shear  displacement  is  fictitious  and 
results,  instead,  from  tilting  of  the  normal  force  ram  in  response  to 
specimen  distortion  during  sliding;  i.e.,  the  specimen  is  piled  up  at 
the  trailing  end  of  the  shear  ring  (see  Figure  1). 


Friction  on  Smooth  Concrete 


Friction  test  results  for  the  smooth  concrete  (Figure  6)  and  the 
rough  steel  appear  nearly  identical,  even  for  the  behavior  of  the  oolitic 
sand.  All  of  the  above  comments  for  rough  steel  apply  here  also. 

Friction  on  Rough  Concrete 

The  full  frictional  capacity  of  the  sands  is  mobilized  when  they 
are  slid  on  the  rough  concrete  (Figure  7).  No  exceptional  volume  change 
behavior  is  noted. 


EVALUATION 

Coefficient  of  Friction 


In  general,  these  test  results  show  that  the  low  friction  forces  in 
calcareous  sediments  are  not  the  result  of  low  achievable  coefficients 
of  friction  between  calcareous  sediments  and  building  materials  - as 
referenced  to  coefficients  of  friction  between  quartz  sands  and  these 
same  building  materials.  For  the  usual  types  of  building  material 
finishes  (including,  here,  a rough  steel  and  smooth  and  rough  concretes), 
the  full  frictional  capability  of  the  calcareous  sands  can  be  - and 
was  — developed.  This  frictional  capability  included  frictional  stresses 
to  160  kPa  (3,400  psf),  compared  to  the  limit  of  20  kPa  (400  psf)  recom- 
mended by  McClelland  (1974)  based  on  field  performance  of  piles.  Note 
well,  however,  that  friction  force  development  is  a two-component  system; 
before  a friction  force  can  be  developed,  a normal  force  of  required 
magnitude  must  exist.  This  point,  and  its  relationship  to  McClelland's 
design  maximum  on  friction  stress  magnitude,  will  be  developed  further 
in  the  next  section. 
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It  should  be  noted  now  that  the  developed  coefficients  of  friction 
of  all  sands  against  the  smooth,  polished  mild  steel  were  about  one-third 
those  for  each  respective  sand  against  the  other  building  material 
specimens  (Table  1).  Smooth,  polished  steel  surfaces  are  not  usually 
employed  in  constructing  a seafloor  facility;  however,  various  tools, 
especially  survey  tools,  are  regularly  used;  and  some  painted  surfaces 
may  perform  in  the  sediments  as  smooth  steel  surfaces.  Thus,  when 
computing  seafloor  penetration  depths,  or  when  computing  the  force 
required  to  effect  such  penetrations,  for  smooth-skinned  hardware, 
reductions  on  the  order  of  60%  to  70%  should  be  applied  to  the  coefficient 
of  friction  as  derived  from  soil  shear  tests. 

Normal  Force  Development 

The  frictional  force  developed  over  a material  surface  is  a function 
not  only  of  the  coefficient  of  friction  of  soil  against  material  but 
also  the  effective  normal  force  acting  between  the  soil  and  that  surface. 

In  the  testing  herein  the  normal  force  was  maintained  constant  by  using 
the  deadload  system.  In  the  field  the  normal  load  acting  is  a function 
of  the  stress  state  existing  in  the  soil  system  before  the  penetrator 
enters,  of  the  immediate  densif ication  of  the  soil  by  the  penetrator  and 
any  accompanying  increases  in  normal  stresses,  and  of  time-dependent 
relaxation  of  those  normal  stresses  due  to  consolidation  and  shear 
creep.  Since  the  data  of  this  test  program  show  that  the  coefficient  of 
friction  of  calcareous  sediments  against  steel  and  concrete  surfaces  is 
not  markedly  different  from  that  of  a quartz  sand,  then  the  demonstrated 
low  frictional  stresses  in  the  field  must  have  their  cause  in  low  developed 
normal  stresses  arising  from  penetration. 

The  foraminiferal  sand-silt  tested  exhibits  one  possible  cause  for 
low  developed  normal  forces.  The  volume  change  data  of  Figures  4,  5, 
and  6 indicate  considerable  volume  decrease  during  development  of  the 
resisting  friction  force.  Considering  the  nature  of  the  grains,  this 
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volume  decrease  is  probably  largely  due  to  crushing  of  the  whole  foram 
shells  and  further  degradation  of  shell  fragments.  Penetration  of  a 
pile,  for  instance,  in  such  a foram  sediment  would  result  in  densifi- 
cation  of  the  sediment,  through  crushing  of  the  hollow  shells,  but  such 
densification  need  not  reflect  increased  effective  stresses  within  the 
soil.  The  soil  mass  may  just  have  been  transformed  from  a loose  pile  of 
hollow  shells  to  loose  pile  of  shell  fragments. 

Following  a similar  line  of  reasoning,  a hypothesis  can  be  drawn 
for  a cause  of  low  effective  stresses  existing  in  deposits  of  other 
carbonate  materials  found  on  the  seafloor;  e.g.,  the  oolitic  and  coralline 
sands  also  tested  here.  Cementing  is  known  to  occur  in  such  deposits  in 
modern  seas;  e.g.,  cemented  oolitic  sediments  of  the  Red  Sea  and  the 
beachrock  of  many  coralline  beaches.  Undoubtedly,  many  other  active 
cementing  environments  exist.  In  such  a cementing  environment,  loose 
upper  strata  are  quite  likely  to  be  lightly  cemented  at  particle  contacts. 
This  loose,  cemented  structure  could  then  support  additional  layers  of 
sediment  deposition  without  densifying  or  compacting.  However,  this 
same  structure,  on  shearing  during  penetration  (e.g.,  pile  driving) 
would  suffer  breaking  of  cement  bonds  at  grain  contacts*  and  the  loose 
grain  structure  would  compact  and  densify.  However,  as  with  the  hollow- 
shelled  foram  sand-silt,  densification  of  such  a loose  structure  does 
not  necessarily  mean  increased  internal  effective  stresses  - rather  the 
material  moves  into  a closer  but  still  loose  packing. 


CONCLUSIONS 

1.  The  calcareous  sediments  tested,  and  presumably  calcareous  sediments 
in  general,  develop  coefficients  of  friction  against  steel  and  concrete 
building  materials  that  are  comparable  to  those  developed  by  quartz-type 


*This  concept  is  not  new.  It  is  being  applied  here  to  a slightly 
different  situation  than  it  has  been  in  the  past.  Originally,  a variant 
was  proposed  to  explain  the  metastable  behavior  of  Canadian  quick  clays. 
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sands.  Thus,  the  possibility  of  low  coefficients  of  friction  being 
responsible  for  the  observed  low  friction  forces  on  driven  piling  and 
other  penetrators  in  calcareous  materials  is  ruled  out. 

2.  The  observed  large  volume  decreases  during  shear  of  the  foraminiferal 
sand-silt  are  probably  responsible  for  the  low  developed  friction  forces 
in  these  hollow-shelled  materials.  Such  large  volume  decreases  at 
nonincreasing  normal  load  imply  densif ication  in  the  field  without 
accompanying  increases  in  normal  stress  on  the  penetrator  surface. 

3.  Low  developed  friction  forces  in  other  calcareous  materials  may 
arise  from  a similar  mechanism  involving  a hypothesized  loose,  but 
cemented,  structure  for  the  soil  material.  The  application  of  shear 
stresses  during  penetration  would  cause  collapse  of  this  structure  to  a 
denser,  but  still  loose,  arrangement. 


RECOMMENDATION 

Further  clarification  of  the  causes  surrounding  the  low  developed 
friction  forces  in  calcareous  sediments  requires,  at  this  time,  further 
definition  of  the  soil  materials  in  which  the  low  friction  forces  have 
been  noted.  This  data  survey  should  be  atuned  toward  data  on  sediment 
constituents,  including  minor  fractions;  sediment  structure;  and  remedial 
techniques,  satisfactory  and  unsatisfactory,  taken  to  produce  the  working 
design.  This  data  collection  will  assist  in  describing  the  mechanism  of 
the  low  friction  phenomenon  and,  thereby,  assist  in  identifying  reliable 
and  cost-effective  solutions  to  Navy  problems  in  calcareous  sediments. 
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Figure  5.  Friction  tests  of  soil  samples  on  rough  steel. 
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Table  1.  Summary  of  Friction  Test  Results 


Test  No. 

Base  Material 

Soil  Material 

b 

^peak 

b 

^residual 

1 

Sand1 

Quartz  sand 

ns 

0.54 

2 

Sand 

Coralline  sand 

0.56 

3 

Sand 

Coralline  sand 

0.68 

0.57 

4 

Sand 

Oolitic  sand 

0.77d 

0.61 

5 

Sand 

Oolitic  sand 

0.81 

0.62 

6 

Sand 

Foram  sand-silt 

0 . 64d 

0.58 

7 

Smooth 

steel 

Quartz  sand 

0.27d 

0.19 

8 

Smooth 

steel 

Coralline  sand 

0.20 

0.17 

9 

Smooth 

steel 

Coralline  sand 

0.20 

0.  18e 

10 

Smooth 

steel 

Coralline  sand 

0.21 

0.17 

11 

Smooth 

steel 

Oolitic  sand 

0. 15d 

0.13 

12 

Smooth 

steel 

Oolitic  sand 

0.32 

0.31 

13 

Smooth 

steel 

Foram  sand-silt 

0.40 

0.37 

14 

Rough 

steel 

Quartz  sand 

0.60 

0.54 

15 

Rough 

stee  1 

Coralline  sand 

0.63 

0.55 

16 

Rough 

steel 

Oolitic  sand 

0.54 

0.51 

17 

Rough 

steel 

Oolitic  sand 

0.58f 

0.50 

18 

Rough 

stee  1 

Foram  sand-silt 

0 . 66 

19 

Smooth 

concrete 

Quartz  sand 

0.60 

0.54 

20 

Smooth 

concrete 

Coralline  sand 

0.63 

0.56 

21 

Smooth 

concrete 

Ool itic  sand 

0.59 

0.52 

22 

Smooth 

concrete 

Oolitic  sand 

0.58f. 

0.54 

23 

Smooth 

concrete 

Foram  sand-si  It 

0.67 

24 

Rough  concrete 

Quartz  sand 

0.69 

0.57 

25 

Rough  concrete 

Coralline  sand 

0.66 

0.59 

26 

Rough  concrete 

Oolitic  sand 

0.74 

0.57 

Soil  in  bottom  shear  ring  for  direct  shear  tests,  or  building 
material  in  friction  tests. 

For  direct  shear  tests  (J  = tan  0 where  0 = angle  of  internal  friction; 
for  friction  tests  p = tan  6 where  6 = angle  of  sliding  friction. 

Base  material  same  as  soil  material  for  direct  shear  tests. 

Vhese  tests  run  with  mechanical  measurement  system;  i.e.,  proving 
ring  and  manual  recording  of  data. 

Low  value  for  p reached  shortly  after  Mppa^.  thereafter  p increased 


with  displacement  to  end  of  test. 


f 


No  peak  p reached,  p increasing  through  end  of  test. 
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( INI  I AN  I Civil  I ngt  Sttpp  Plans.  Oil  Norfolk.  VA 
(Ml  NM  Al  OKI  246  (Dielerlel  W ash.  IX 

(Not  ode  Nt  )P-‘)W.  Washington  DC:  (ode  OP  987  Washington  IX  . Code  ( >PNA\  (I9B74  till.  Code  ( IPS  A\  77. 

Wash  IX  . CiHle  ( )PN  A A 7 f.  W ash  IX  . t )IK)87J  tJ  BiH’smanl.  Pentagon 
COMOCI  \NSYSPAC  SCI  . Pearl  Harhoi  HI 
Dl  1 I N SI  | X X I MINI  AIION  CIR  Alexandria.  VA 
1)1  I I Nsl  IN  I I I I Kit  NCI  Atil-NCY  Dii  . W ashington  IX 
DN  A SI  II  . Washington  IX 

IX)I)  explosives  Safety  Board  tl  thraty  I.  Washington  IX 
I X )p  Dr  Cohen 

II  ICOMBAI  IRAITNI  AN  I PW  ().  Virginia  Bell  \ A 

III  DSl  PPACI  PWO.  laipei.  laivvan 

M ARINI  CORPS  BASI  Nl  \ R Division.  Camp  I eteune  NC.  PWO.  t amp  h D Butler.  Kawasaki  Japan 
M \RIN  I CORPS  DISI  9.  (ode  (Ml.  Overland  Park  KS 
MARINI  CORPS  HQSCode  1117.  Washington  IX 

Ml  AS  I aed.  I ngr  Div  Cherry  Point  NC;  Code  PW  I . Kaneohe  Hay  HI:  Code  S4.  Quanlieo  VA;  J laylor.  Ivvakuni 
Japan.  PWt)  Kaneohe  Hav  III 
Mt  Dl  l PAS  Div  Quanlieo  V A 
MCI  SBPAC  107(1  Bnrstow  l A 
Mt  Rl)  PWO.  San  Diego  t a 
NAD  I ngt  Du  Hawthorne.  N\ 

N AI  PW  O Sigonella  Sicily ; PW  O.  Atsugi  Japan 

NAS  CO.  ( iiianlanitnio  Hay  ( uha;  ( 'ovle  114.  Alamevla  (A;  ( ode  181 1 1 ae  Plan  HR  M(  »R ).  ( ode  187.  Jaeksonv  ille  I 1 . 
Code  187(H).  Brunswick  Ml:  Code  70.  Atlanta.  Marietta  1 1 A ; Dll.  Util.  Div.  Bermuda;  INS  Buchhol/.  Pensacola. 
11.1  ead  Chief.  Petty  Offi  PW  Self  Help  Div . Hcevillc  I X;  PW  (.1  Maguire).  Corpus  t hi  isti  IX.  PW  I)  Maim 
Div  . New  Orleans.  Belle  Chasse  I A;  PW  I).  Willow  Grove  PA;  PWOtM  I lliott).  I os  Alamitos  CA:  PWO  Belle 
Chasse.  I A.  PWO  Chase  I ivld  Hecville.  IX:  PWO  Key  West  I I ; PWO.  Dallas  IX:  PWO.  (ilenview  II  . SCI  I ant 
fleet  Norfolk.  VA:  St  I Norfolk.  VA;  SCI  . Bathers  Point  HI 
NAI  1 Rl  SI  ARCH  COl  Nt  II  Naval  Studies  Board.  Washington  IX' 

NAI  PAR  Atilt  If  II  SI  RAN  PW  I ngr.  I I Centro  CA 

NAVAt  I PWO.  I ondon  I K 

NAVA  I ROSI’RI  (.Ml  IX  I N SCI  . Pensacola  II 

NAVAI  I At  ||  m PWO.  Barbados;  PWO.  Brawdy  Wales  I K.  PWO.  Cape  Halleras.  Buxton  NC.  PWO.  Centerville 
Bch.  I enulale  CA 

NAVt  OASISYSI  AB  Code  47  4 ( D (iood).  Panama  City  I I . Code  71. < (J  Mittlemanl  Panama  City.  H : (Axle  70  (J. 

(Jinrkt  Panama  City.  Ill  thrary  Panama  ( tty.  I I 
NAVt  OMMARI  AMSIRSTA  PWO.  Norfolk  VA;  PWO.  Wahtawa  HI;  SCI  l ml  I Naples  Italy 
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NAVCOMMSTA  Code  401  Nea  Makri.  Greece:  PWO.  Adult  AK:  I’WO.  lxmouth.  Australia 

NAVIDTRAPRODIVCIN  lech.  I ibrary 

NANTDU  I K AC  TIN  I ngr  Dept  (Code  42 1 Newport.  Rl 

NAN  I I KXSYSCOM  l ode  PMI  124-hl.  Washington  IX 

NAVI  NVIRIIl  IHl'IN  CO.  Cincinnati.  OH 

NAV I ACI  NGCOM  Code  043  Alexandria.  VA:  Code  044  Alexandria.  V A:  Code  0451  Alexandria.  VA:  Code  0453(1). 
Potter i Alexandria.  VA:  Code  0454B  Alexandria.  Va;  Code  041)5  Alexandria.  VA:  Code  101  Alexandria,  VA:  Code 
10133  (J  leimanis)  Alexandria.  VA;  Code  1023  (T.  Stevens)  Alexandria.  VA:  Code  2014  (Mr.  Taam).  Pearl  Harbor 
HI:  Morrison  N ap.  Caroline  Is.;  P W Brewer  Alexandria.  VA;  PC-22  (I  Spencer)  Alexandria.  VA:  PI. -2  Ponce 
P R Alexandria.  V A 

NAVI  ACI  NGCOM  - C HI  S DIV.  Code  101  Wash.  IX  ; Code  405  Wash.  IX  : Seheessele.  Code  402.  Wash.  IX' 

NAVI  At  I NCiCOM  I AN  I DIV.;  I- in.  HR  Deputy  Dir.  Naples  lt.il>.  RD'I&I  1.0 OOP2.  Norfolk  VA 

NAN  I AC  I NCiCOM  NORTH  DIV.  (Boretsky)  Philadelphia.  PA;  CO:  Code  CNI’ll  C DR  A J Stewart):  Code  I02X. 

RDI3VI  1 C).  Philadelphia  PA:  Design  Div.  (R.  Masino).  Philadelphia  PA;  ROICC.  Contracls.  Crane  IN 
N AVI  AC  I NCiCOM  PAC  DIV.  Code  CWIMi  I Donovan).  Pearl  Harbor.  HI:  Code  402.  KDT&I- . Pearl  Harhoi  HI: 
Commander.  Pearl  Harbor.  HI 

NAN  I AC  I NCiCOM  SOI  I H DIV.  Code  00.  RDI&I  l I).  Charleston  SC:  Dir  . New  Orleans  I A 

NAN  I AC  I NC.COM  W IS  I DIN  Code  0411.  CWP/20;  RDT&II.O  Code  201 1 San  Bunco.  CA 

NAN  I AC  I NCiCOM  CONTRACT  A ROICC  . Point  Mugu  CA:  ling  Div  dir.  Soulhwest  Pae.  Manila.  PI:  Old. 
Southwest  Pae.  Manila.  PI : OK  C ROICC.  Balboa  Canal  Zone;  ROICC  I ANT  DIV..  Norfolk  VA;  ROICC.  Diego 
C.areia  Island:  ROICC.  Keflavik.  Iceland 
NAVHOSP  l.T  R llsbernd.  Puerto  Rieo 
NAVMACi  SC  I . Cm. nil 
NAN  OCtANO  Code  IMUI  Bay  Si  1 outs.  MS 

NAVOC  I ANSN  SC  IN  Code  2010  San  Diego.  CA;  Code  400  (D.  Ci  Moore).  San  Diego  CA:  Code  4473  Bay  side 
I ibrary . S an  Diego.  CA:  Code  52  i H Talkington)  San  Diego  CA:  Code  5204  ( J.  Stachiu  ).  San  Diego.  CA:  Code 
5224  (R. Jones ) San  Diego  CA;  Code  b5b5  ( lech.  l.ib.).  San  Diego  CA 
NAVPI  l ot  I Code  30.  Alexandria  VA 

NAVPGSl'OI  CodeblNNI  (O  Wilson)  Monterey  CA;  D 1 eipper.  Monterey  CA;  I Ihornton.  Monterey  CA 

NAVPHIBASI  CO.  AC  B 2 Norfolk.  VA;  Code  S3 1 . Norfolk  VA:  OIC.  I CT  ONH  Norfolk.  Va 

NAVRI  (.Ml  IX  I N SCI  (D.  Kaye):  SCI  . ( amp  Pendleton  CA.  SIT  . Guam 

NAVSCOI  Cl  C'OI  I (35  Port  Htieneme.  CA:  CO.  Code  C44 A Port  Huencme.  CA 

NAVSI  ASVSC OM  Code  CX)C  (1  I R MaeDougal).  Washington  IX 

NAVSf-C  Cixfe  6034 1 1 ibrary  I.  W ashington  IX 

NAN  SI  C'CiRl  ACI  PNNI).  lorn  Sta.  Okinawa 

NAVSHIPYD;  Code  404  il  I J.  Rieeiol.  Norfolk.  Portsniiiuih  N'A;  Code  410.  Mare  Is,.  Vallejo  CA;  Code  440 

Portsmouth  Nil:  Code  4411.  Norfolk:  Code  440.  Puget  Sound.  Bremerton  W A:  Code  440.4.  Charleston  SC.  I ,,D. 
Vivian;  PNNI).  Mare  Is..  Salvage  Supt.  Phila..  PA;  leeh  I ibrary.  Vallejo.  CA 
N AN  S I A CO  Naval  Station.  Max  port  I I ; CO  Roosevelt  Roads  P R Puerto  Rieo;  I ngi  Dir  . Rota  Spain;  Maim  Div 
Dir/Code  531 . Rodman  Canal  /one:  PW  Dll  I JCi.P.M.  Motolenieh).  Puerto  Rieo;  PW< ) Midway  Island;  PWO. 
Keflavik  leeland:  PWO.  Mayport  II  ROICC.  Rota  Spain.  SC  I . (Iiiam;  SCI  . Subie  Bay.  R P : Utilities  Hngr  Off. 
(I  I JC i A.S.  Ritehie).  Rota  Spain 
NAVSCBASI  IIJGDW  Peek.  Groton.  C l 

NAVSl  PPACTCO.  Seattle  W A;  C ode  41 3.  Seattle  W A:  I 1JG  MeGarrah.  Vallejo  CA 
NAVSl  RIAN  PNC 'I  N PWO.  While  Oak.  Silver  Spring.  MD 
NAN  1 1 CH I R AC  I N SC  I . Pensacola  I 1 

N AN  W PNC!  N Code  2 Mb  ( W . Bonner).  China  I .ike  CA;  PW  I ) (Code  2b).  China  I ake  CA;  ROICC  (Code  702).  China 
I ake  CA 

NAN  W PNS1A  I.ARl  I I NS  Ci  A.  Cowry.  I allbrook  CA;  PW  Office  (C  ixle  (WC’I ) Yorktown.  VA:  PWO.  Seal  Beach 
CA 

NANWPNSl  PPC  I N C ixletW  C rane  IN 

NAN  XDIVINGC  I I A M Parisi.  Panama  City  I I 

N(  Bl  405  OIC.  San  Diego.  CA 

N(  Bl'  Cl  I AOIC  Poll  Huencme  CA;  Code  ID  Davisville.  Rl.  Code  155.  Port  Hucneme  CA.  Code  15b.  Pori  II lie iu- me. 

CA,  PW  I ngrg.  (itilfporl  MS 
NCHU  41 1 OIC  . Norfolk  VA 
NCR  20.  Commander 

NMCB  131(1  NS  I W Nielsen);  5.  Operations  Dept  . f orty.  CO;  THRHK.  Operations  Off 
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NOAA  I ihr.ir>  Rockville,  Ml) 

NORDA  Code  41(1  Ray  St  l ouis.  MS:  Code  440  (Ocean  KschOff)  Bay  St  1 ouis  MS 

NKI  Code  8400 (J.  Walsh).  Washington  IX'.  Code  8441  (R.A.  Skopj.  Washington  IX':  Rosenthal.  Code  8440.  Wash. 

IX 

NSD  SO!.  Suhic  Bii>.  R P. 

NAVOCEANSYSCEN  Hawaii  l.ab(l).  Moore).  Hawaii 

NUCLEAR  REGULATORY  COMMISSION  T.C.  Johnson.  Washington.  IX 

Nl’SC  Code  1 41  New  l ondon.  CT;  Code  I A 1 24  (R.S.  Munn).  New  I ondon  C l ; Code  S442.  R-S0(.l  Wilcox) 
OCEANAV  Mangmt  Info  Div..  Arlington  VA 
OCEANSYSI  ANT  I I A.R.  Ciiancola.  Norfolk  VA 

ONR  COR  Harlett . Boston  MA.  BROIL.  CO  Boston  MA;  Code  481.  Arlington  VA:  Code  481.  Hay  St.  I oms.  MS: 

Code  7001  Arlington  VA:  Or.  A.  Confer.  Pasadena  CA 
PH  I BC  B 1 PAP.  Coronado.  CA 
PM  PC  Pat.  Counsel.  Point  Mtigu  CA 

PWC  ACC  Office  (ETJG  St.  Germain)  Norfolk  VA:  CO  Norfolk.  VA:  CO.  Great  Cakes  1C:  CO.  Oakland  CA:  Code 
I20C  (Library)  San  Diego.  CA:  Code  128.  Guam;  Code  200.  Great  Cakes  1C;  Code  2(H).  Oakland  CA;  Code  220 
( fakland.  C A:  Code  22(1. 1 . Norfolk  VA:  Code  400.  Pearl  Harbor.  HI;  Code  080.  San  Diego  CA:  l ibrary . Subic  Bay . 
R.P.:  OIC  CBU-405.  San  Diego  CA.  Utilities  Officer.  Guam:  XO  Oakland.  CA 
SPCC  Code  I22B.  Meehanicshurg.  PA:  PWO(Code  120)  Mechamcsburg  PA 
IS.  Ml  KOI  AM  MARINI  ACADEMY  Kings  Point.  NY  (Reprint  Custodian) 

US  DC  PI  OC  INI  PRIOR  Bureau  of  land  MNGMNT  - Code  744  ( IP  Sullivan)  Wash.  IX 
US  Gl OCfXilCAC  SURVCY  Off.  Marine  Geology  . Pitelcki.  Reston  VA 

CSCG  (G-ECV)  W ashington  Dc:  (G-ECV/hl ) (Burkhart)  W ashington.  DC.  GET )p  -4/(>l  ( I . Dow d).  W ashington  IX' 
DSCG  ACADEMT  I P N.  Stramandi.  New  Condon  Cl 

CSCG  RAD  CP.NTPiR  CO  Groton.  CT:  D.  Motherway  . Groton  CT:  l.TJG  R.  Dair.  Groton  C l 
l SNA  Ocean  Sys.  I ng  Dept  (Dr.  Monney)  Annapolis.  Ml):  PW  I)  Ingr.  Div.  (C.  Bradford)  Annapolis  Ml) 

AMERICAN  UNIVI  RSI1Y  Washington  IX' (M.  Norton) 

CAI.IE.  DEPT  OP  NAVIGATION  A:  OCEAN  DEV.  Sacramento.  CA  (G.  Armstrong) 

CACII  MARI  PIMP  ACADEMY  Vallejo.  CA  (Library) 

CACICORNIA  SI  All  UNIVERSITY  CONG  BEACH.  CA  (CHECAPATD.  CONG  BEACH.  CA  (YEN) 

CA  I HOI  1C  UNIV.  Mech  I ngr  Dept.  Prof.  Nicdzvvecki.  W ash..  DC 
COI  ORAIX)  SPATE  UNIV..  EOOTHIl  I CAMPUS  Port  Collins  (Nelson) 

CORNEP1.  UNI  VP  RSI  I Y Ithaca  NY  (Serials  Dept.  Ingr  Cih.l 
DAMPS  & MVX)RE  I 1BRARY  l.OS  ANGPT  PS.  CA 

DUKE  UNIV  MEDICAL  CENTER  B.  Muga.  Durham  NC;  DURHAM.  NC(VESIC) 

El  OR  I DA  All  ANTIC  UNIVCRSI I Y BOCA  RATON.  El  (MC  Al  .LISTER):  Boca  Raton  PC  (Ocean  Ingr  Dept  . C. 

I .in ) 

El  .OR  I DA  A IT.  ANTIC  UNIVCRSI  1 Y Boca  Raton  IT  (W  Tessin) 

El  .OR  I DA  TECH  NOI  OGICAI  UNIVERSITY  ORCANIX).  IT  (HARTMAN) 

GEORGIA  INS  1 1 1 1 IP  OP  lECHNOCOGY  Atlanta  GA  (If.  Maranli) 

INSTITUTE  OP  MARINI  SCIENCES  Morehead  City  NC  (Director) 

IOW  A STATE  UNIVERSITY  Ames  IA  (CE  Dept.  Handy) 

KEENE  STATE  COI  I EGE  Keene  NH  (Cunningham) 

LEHIGH  UNIVERSITY  BETHLEHEM.  PA  (MARINE  GEOTEC  HNIC  A1  I AIC.  RICHARDS)  Bethlehem  PA 
(I  rit/  I ngr.  Cab  No.  14.  Beedle);  Bethlehem  PA  (Cinderman  I ib.  No. 40.  ITecksteiner) 

CIBKARY  Ol  CONGRESS  W ASHINGTON.  DC  (SCIENCES  & TECH  DIV) 

MAINE  MARI  PIMP  ACADEMY  (Wyman)  Casting  ME:  CASTINE.  ME  (I  IBRARY) 

MICHIGAN  TECHNOl.OGICAC  UNIVERSITY  Houghton.  Ml  (Haas) 

Mil  Cambridge  MA:  Cambridge  MA  (Rm  10-500.  Tech.  Reports.  Engl.  I ib.):  Cambridge  MA  (Whitman) 

NAVI.  ACADEMY  OE  PNG.  ALEXANDRIA.  VA  (SCARCE.  JR.) 

NORTHWESTERN  UNIV  7.V.  Ba/ant  Evanston  II 

NY  CITY  COMMUNITY  COI  LEGE  BROOKI  YN.  NYU  IBRARY) 

UNIV.  NOTRE  DAME  Katona.  Notre  Dame.  IN 

OREGON  ST  ATE:  UNIVERSITY  (CP  IX-p'  Grace)  Corvallis.  OR;  CORVALLIS.  OR  (CE  DEPT.  BIT  I ):  Corvalis 
OR  (School  of  Oceanography  I 

PENNSYLVANIA  STA  I P UNIVERSITY  State  College  PA  (Applied  Rsch  Cab):  UNIVERSE!  Y PARK.  PA 
(GOTOl  SKI) 

PURDUE  UNIVERSIT  Y Lafayette  IN  (Leonards);  Lafayette.  IN  ( Altsehaeffl):  Lafayette.  IN  (CP  I ngr.  I ib) 
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SAN  DIEGO  ST  ATI  UNIV.  I.  Noorany  Sail  Diego.  C'A:  Dr.  Ki  ishnamoorthy.  San  Diego  CA 
St  RIPPS  INSTITUTE  ( >F  ( K'EANt XiRAPHV  LA  JOLLA.  CA  (ADAMS) 

SI  A I 111  l Prof  Sehvvaegler  Seattle  WA 

SOI  I HWFSF  RSOI  INST  King.  San  Antonio.  IX:  R.  DeHart.  San  Antonio  TX 
STANFORD  UNIVERSITY  Ingr  I ih.  Stanford  CA;  STANFORD.  CA  (DOUGLAS) 

STATE  UNIV  OF  NEW  YORK  Fort  Schuyler.  NY  (l.ongobardi) 

IFXAS  A&M  UNIVFRSITY  College  Station  TX  (CF  Dept.  Merbieh);  W IT  Ledbetter  College  Station.  TX 
l NIV  I RSI  I Y OF  CAI  IFORNIA  BERKELEY.  CA  (CF.  DEPT.  GERWICK):  BERKELEY.  CA  (CF  DEPT. 

Ml  It  HI  I I l;  Berkeley  CA  (Dept  of  Naval  Arch.):  Berkeley  CA  (E.  Pearson);  DAVIS.  CA  (CL  DI  PT.  TAYLOR); 
I IVEKMOKF.  CA  (LAWRENCE  LIVERMORE  LAB.  TOKARZ):  La  Jolla  CA(Acq.  Depl.  Lib.  C-07JA);  M 
Duncan,  Berkeley  CA;  SAN  DIEGO.  CA.  I A JOLLA.  CA  (SEROCKI) 

UNIVERSITY  OF  CONN  EC  FICUT  Groton  CT  (Inst.  Marine  Sci.  Library) 

l NIV  I RS1TY  OF  Dl  I AW  ARE  1 FWFS.  DE  (DIR.  OF  MARINE  OPERATIONS.  INDI  RBITZEN  I:  Newark.  DP 
( l )ept  of  Civil  Engineering.  Chesson) 

l NIVERSFFY  OF  HAW  AII  HONOLULU.  HI  (SCIENCE  AND  TECH.  DIV.) 

I NIVI  RSIIY  Ol  ILLINOIS  Met/  Ref  Rm.  Urbana  II.;  URBANA.  II  (DAVISSON);  URBANA.  II.  (LIBRARY); 

l RBANA.  II  (Nl  W ARK):  Urbana  II.  (CE  Dept.  W . Gamble) 

UNIVERSITY  OF  MASSACHUSETTS  ( Heronemus).  Amherst  MACE  Dept 
l NIVI  RSII  Y OF  MICHIGAN  Ann  Arbor  Ml  (Richart) 

1 NIVI  RSI  1A  OF  NEBRASKA-1. INCOLN  Lincoln.  NE  (Ross  Ice  Shelf  Pro.i  l 
l NIVI  RSIIY  ( )l  NEW  MEXICO  J Nielson- I ngr  Mails  <?t  Civil  Sys  Div.  Albuquerque  NM 
UNIVFRSITY  OF  SO.  CAI  IFORNIA  Univ  So.  Calif 
( NIVI  RSIIY  OF  IFXAS  Inst.  Marine  Sci  (Library).  Port  Arkansas  TX 
l NIVI  RSI  I Y OF  I EXAS  AT  AUSTIN  Austin  TX  tR.  Olson) 

I NIV)  RSIIY  OF  WASHINGTON  Seattle  WA(M.  Sherif):  SEATTLE.  WA  (APPLIED  PHYSICS  LAB):  SEATTLE. 

W A (MERCHANT):  SEATTLE.  W A (OCEAN  ENG  RSCH  LAB.  GRAY);  Seattle  WA (E.  Linger):  Seattle.  WA 
I ransportation.  Construction  <V  Geom.  Div 

VPN  1 1 RA  COUNTY  ENVIRON  RF.SOt  RUE  AGENCY  Ventura.  CA  lech  Library 
VIRGINIA  INS  I . OF  MARINI  SCI.  Gloucester  Point  VA(1  ibrary) 

A I FRF  I)  A.  Y EE  & ASSOC.  Honolulu  HI 
AMI  1 1 K Offshore  Res.  & I ngr  Div 
All  .ANTIC 1 RICHE dl  I DO).  DAI  I AS.  TX  (SMITH) 

At  SIR  ALIA  Dept.  PW  (A.  Hicks).  Melbourne 
Bi  t H i l l CORP  SAN  FRANCISCO.  CA  (PHI  I PS) 

BIT  Gil  M HAFCON.  N.V..  Gent 
BETH  I Fill  M Sill  I CO.  Dismuke.  Belhelehem.  PA 
BOl  W KAMP  INC  Berkeley 

BRAND  INDUS  SFRV  INC.  J.  Buehler.  Hacienda  Heights  CA 
BROWN  \ CAI  DW  III  I M Saunders  Walnut  Creek.  CA 
BROW  N &ROOI  Houston  IX  (D.  Ward) 

CANADA  Can- Dive  Serv ices  1 1 nglish)  North  Vancouver:  I ibrary . Calgary  . Alberta:  I .ockheed  Petro.  Serv.  I td.  New 
Westminster  B.C  . I ockheed  Petrol.  Srv.  1 id..  New  Westminster  BC:  Mem  Univ  Newfoundland  (Chari).  Si  Johns: 
Nova  Scotia  Rsch  Found.  Corp.  Dartmouth.  Nova  Scotia:  Surveyor.  Ncnmnger  X Cheneverl  Inc..  Montreal; 
Warnock  Hersey  Prof.  Srv  I td.  La  Sale.  Quebec 
Cl  BR  AUN  CO  Du  Bouchet.  Murray  Hill.  NJ 

( III  VRONOII  I II  I D RESEARCH  CO.  I A HABRA.  CA  (BROOKS) 

COI  UMBIA  GUI  I I R ANSMISSION  CO  HOUSTON.  TX  (ENG.  LIB.) 

CONCRETE  I ECHNOI  OGY  CORP.  TACOMA.  W A (ANDERSON) 

DR  A VO  CORP  Pittsburgh  PA  (Giannino);  Pittsburgh  PA  (Wright) 

NORW  AY  Dl  l NORSKI  VERITAS  (Library).  Oslo 

FRANCE  Dr  Dulcrtrc.  Boulogne:  I . Pliskin.  Paris;  P.  Jensen.  Boulogne:  Roger  1 aCroiv.  Fans 
GEOTECHNICAL  ENGINEERS  INC.  Winchester.  MA  (Paulding) 

Gl  IDDEN  CO.  STRONGSVILLE.  OH  (RSCH  LIB) 

HAI  IYA  A I DRICH.  INC.  Cambridge  MA  (Aldrich.  Jr.) 

HONE  Y WEI  I . INC.  Minneapolis  MN  (Residenli.il  Engl  1 ih.) 

II  AI  Y M.  Cairom.  Milan;  Sergio  Taltoni  Milano:  Torino  (F  Levi) 

MAKAI  OCEAN  ENtiRNG  INC.  Kailua.  HI 

I AMONT-DOHI  RFY  GEOI  OtilCAI.  OBSERV.  Palisades  NY  (McCoy);  Palisades  NY  (Selwyn) 
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I IN  OFFSHORI  I NGRG  I*  Chow.  San  I rancixco  ( A 
I (K  kill  II)  M I SSI  1 I S \ SPACF  CO.  INC  Sunnyvale.  (A  (Phillipsi 
1IH  K.HI  I Dim  AN  I ABORAIORT  San  Diego  CA  (I  Simpson) 

MARAIHONOII  CO  Houslon  I\|C  Sear  I 

MARINI  CONCKI  II  SIKl  ( II  Rl  S INC  Ml  I AIRII  . I A ( INC  .R  All  AM  i 
MC  Cl  I I I \NI)  I NGINI  I Rs  INC  Houston  IXiB  McClelland) 

Ml  DAI  I &ASSCX  INC  J I C i A I I I X II  SAN  I A ANA.  C A 
MFXICCIR  Cardenas 

Me  >H  1 1 PI PI-  I INI  CO  DAI  I AS.  IX  MC.ROI  I NCiR  (NC)ACKl 

Ml  I SI  R.  Rl  11  F1X.F.  Wl  N 1 WOR1  H AND  JOHNS  ION  Nl  W YORK  (RICHARDS) 

Nl  W /I  Al  AND  New  Zealand  Concrete  Research  Assoc  il  ihrarian).  Porirua 

NORW  AY  A lorum.  I londhcim.  1)1  I NORskl  V I Rl  I AS  iRoren)  Oslo:  I.  Foss.  Oslo:  J Creed.  Shi:  Norwegian 
lech  l no  I Brandl/aegl.  Irondheim 
CX  I AN  I NCilNI  I RS  SAl'SAI  ll().  C A (RS  NFCKIl 
(H  I AN  Rl  SOI  RCI  I NG  INC  HOUSTON,  IX  (ANIM  RSON) 

PACT!  1C  MARINI  IHCHNOI  OCiY  l ong  Beach.  CA  (Wagner) 

IS  >R  1 1 AND  Cl  MINI  ASSOC.  SkOKIF.  11.  (CORH1.Y);  Skokie  II  (Rsch  A Dev  I ah.  I ih.) 

PR  I SCON  C ORP  lOW  SON.  Ml)  I KIT  IIR) 

RANDCORP  Santa  Monica  CA  (A.  I aupa) 

RAT  MOND  IN  1 1 RN  A I ION  Al  INC  I Code  Soil  Tech  Dept.  Pennsauken.  NJ 
SANDIA  I ABORAIORII  S l ihraiv  Do  . I ivermore  C'A 
SC  HI  PAC  K ASSCK  SO  NORW  Al  k.  C I (SC  HI  PAC  K) 

SI  All  cue  ORP  MIAMI.  I I i PI  ROM) 

SHI  1 I l)T\ I loPMI  N 1 (i),  Houston  I X (C  Sellars  Jr  i:  Housiirnl  Xtl  I X>s lei 

SHU  I Oil  CO  HOC  SION.  IX  ( MARSH  Al  I I Houston  IX  (R  de  Caslongrene):  I Boa/.  Houston  TX 

SWI  1)1  N Cleolech  Inst;  VBBil  ihrarvl.  Stockholm 

1 11)1  W ATT  K CONS  I K CO  Norfolk  VA  (Fowler l 

IXW  SYSIFMS  RK1X)N1X)  BFACH.  C 'A  (DAI I 

I NI  1 1 I)  KINCilXIM  British  I mhassv  i Into  ( >f ft  I.  W ashinglon  DC  Cement  \ Concrete  Assoc  W exham  Springs. 
Slough  Bucks.  I)  New.  Cl  Maunsell  & Parlners.  I oiulon.  K Rudham  Oxfordshire:  Shaw  dt  Hatton  (F.  Hansen). 
1 ontlon:  laxlor.  Woodrow  Constr  1 01 4P ).  Southall.  Middlesex,  lay  lor.  Woodrow  Constr  (Stuhhs).  Southall. 
Middlesex 

WAIT  BRIAN  ASSCK' INC  Houston.  IX 

W'FSTTNGHOl'SF  I I FCI’RIC  C( IRP  Annapolis  MDrOceanic  Dix  l ih.  Rrxanl 
W FSTTNTRUCORP  I gerton.  Oxnard.  C'A 

WM  Cl.APP  I ABS  BATTT  l I 1 DUXBURY.  MA  (1  IBRARY).  Dnxhury . M A (Richards) 

W( M )DW  ARD-CI  YDF  CONSUI  CANTS  (A.  Harrigan)  San  Francisco:  PI  T MOUT  H MI  I TINCi  PA  (CROSS.  Ill) 

ADAMS.  CAPI  i RF  C)  Irxine.  C'A 

Al  SMOOT  S I os  Angeles.  C'A 

BARA.  JOHN  P.  l akewood.  CO 

BROWN.  ROBI  RT  University.  Al 

BUI  I OC'k  l a C anada 

F.  HFUZ.I  Boulder  CO 

R.F.  BFSIFR  Old  Sayhrook  C'T 

I.W  MFRMFl  Washington  DC 

W M T ALBOT  Orange  C'A 


